We previously showed that oxidative stress in the brain is involved in the neural mechanisms of hypertension. Therefore, olmesartan, an angiotensin type 1 receptor blocker, might affect oxidative stress in the brains of stroke-prone spontaneously hypertensive rats (SHRSP). Here, we evaluated the effects of olmesartan treatment using an in vivo electron spin resonance (ESR)/spin probe technique. Two groups of SHRSP were treated with either olmesartan (10 mg kg À1 day À1 ) or hydralazine (Hyd, 20 mg kg À1 day À1 )/hydrochlorothiazide (HCT, 4.5 mg À1 kg day À1 ) for 30 days (n¼5 for each). Systolic blood pressure decreased similarly in both groups after treatment. Heart rate and urinary norepinephrine (NE) excretion increased in rats treated with Hyd/HCT, but not in those treated with olmesartan. The in vivo ESR signal decay rates of the blood-brain barrierpermeable spin probe methoxycarbonyl-PROXYL were significantly higher in SHRSP brains than in age-matched normotensive Wistar-Kyoto rat brains (Po0.01; n¼6 for each). Olmesartan attenuated the ESR signal decay rates in SHRSP brains, but Hyd/HCT did not. Intracerebroventricular infusion of active form of olmesartan, RNH-6270, reduced blood pressure and NE excretion, and the ESR signal decay rate was reduced in SHRSP brains. These findings indicate that olmesartan has anti-oxidative property in the brain without stimulating reflex-mediated sympathetic activity in SHRSP.
INTRODUCTION
Angiotensin type 1 (AT1) receptors within the brain are important for central autonomic regulation of blood pressure. [1] [2] [3] AT1 receptors are rich in the specific brain nuclei that regulate sympathetic nervous activity, [1] [2] [3] [4] such as the anteroventral third ventricle, paraventricular nucleus of the hypothalamus, nucleus tractus solitarius and the rostral ventrolateral medulla (RVLM), [2] [3] [4] where the vasomotor center is located, 3 of the brainstem, thereby controlling blood pressure. 3, 4 Recent studies suggest that the systemic administration of AT1-receptor blockers also act on AT1 receptors within the brain, 5 thereby modifying blood pressure control. [6] [7] [8] [9] [10] Oxidative stress in the brain increases blood pressure through activation of the sympathetic nervous system. [11] [12] [13] [14] The major source of reactive oxygen species (ROS) is nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase, 12, 15, 16 which is activated by AT1 receptor stimulation. AT1 receptor expression levels in the brain, such as in the RVLM, are upregulated in hypertensive animal models compared with normotensive controls. 17, 18 Olmesartan is a strong AT1-receptor blocker with a high degree of insurmountability. 19, 20 We hypothesized that systemic administration of olmesartan reduces oxidative stress in the brain, as well as in the peripheral vasculature, 21 and that this antioxidant action may account for the absence of reflex-induced sympathoexcitation after treatment with olmesartan. To examine this, we applied the technique of in vivo electron spin resonance (ESR) spectroscopy, 22 because the ESR method is a powerful technique for evaluating oxidative stress noninvasively 22, 23 and is useful for assessing drug effects when applied in vivo. 24 Using this technique, we examined the effects of chronic oral administration of olmesartan on oxidative stress in the brain of stroke-prone spontaneously hypertensive rats (SHRSP), as well as on blood pressure, heart rate (HR) and urinary norepinephrine (NE) excretion. To examine the direct action of olmesartan on the brain, we also evaluated the effect of intracerebroventricullar administration of RNH-6270 (an active form of olmesartan) on these variables.
METHODS

Animals and general procedures
All procedures and animal care were approved by the Committee on Ethics of Animal Experiments, Kyushu University Graduate School of Medical and Pharmaceutical Sciences, and performed in accordance with the Guidelines for Animal Experiments at Kyushu University. Male SHRSP and Wistar-Kyoto (WKY) rats (11 weeks old, Hamamatsu, Japan) were fed standard chow and had free access to drinking water. Treatment was started when the rats were 12 weeks old and continued for 30 days. The rats received either olmesartan (olmesartan medoxomil, CS-866, Daiichi-Sankyo, Tokyo, Japan; 10 mg kg À1 day À1 , in 0.5% sodium carboxymethylcellulose colloidal solution) once a day by oral gavage, a solution of hydralazine (Sigma Chemical, St Louis, MO, USA; Hyd, 20 mg kg À1 day À1 ) and hydrochlorothiazide (Sigma; HCT, 4.5 mg kg À1 day À1 ) in their drinking water (Hyd/HCT), or no drugs (no treatment).
Measurements of blood pressure, HR and urinary NE excretion
Systolic blood pressure (SBP) and HR were measured by tail-cuff plethysmography (BP-98A, Softron, Tokyo, Japan) every other day during the study period. Urine was collected individually for 24 h in a metabolic cage on the days before and at the end of each treatment. Urinary NE concentration was measured by high-performance liquid chromatography to calculate urinary NE excretion as a marker of sympathetic nervous system activity. 13, 14, 16 NADPH oxidase activity Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity was evaluated using lucigenin chemiluminescence as described elsewhere, 25 in membrane fraction proteins. Briefly, a deeply anesthetized rat (sodium pentobarbital, 75 mg kg À1 , intraperitoneal) was perfused transcardially with 200 ml chilled saline. The brain was quickly removed and divided into four parts: the cerebral cortex, cerebellum, hypothalamus and the medulla oblongata. All tissues were homogenized in ice-chilled 50 mM phosphate buffer (pH 7.4) containing proteinase inhibitors (Complete Mini, Roche, Basel, Switzerland) and 1 mM phenylmethylsulfonyl fluoride. The tissue homogenates were centrifuged at 24 000 g for 20 min at 4 1C, and then the supernatants were subjected to 100 000 g spin for 60 min at 4 1C to collect plasma and microsome membranes. The pellets were resuspended and protein concentrations were measured with a BCA assay kit (Pierce Chemical, Rockford, IL, USA). Luminescence measurements were performed as previously described. 16 Data were expressed as relative light units per minute per microgram protein.
In vivo ESR spectroscopy
We used methoxycarbonyl (MC)-PROXYL, a nitroxyl radical species, as the blood-brain barrier-permeable spin probe because of its lipophilicity. [26] [27] [28] MC-PROXYL undergoes a biological reaction in vivo to non-radical derivatives such as hydroxylamine. 29 In addition, increased ROS precipitate the reaction nonenzymatically. 30 This provides the basic mechanism for the in vivo ESR method; that is, increased ROS production increases the in vivo ESR signal decay rate in comparison with an appropriate control value.
An anesthetized rat (sodium pentobarbital, 50 mg kg À1 , intraperitoneal) was placed on a hand-made rat carrier. MC-PROXYL solution (150 mmol l À1 in saline, 0.33 mmol per kg body weight) was injected into the tail vein of the rat, and then the carrier was slid into the resonator cavity so that the head of the rat, the area between interorbital and interaural lines, was located in the ESRdetecting area (coaxial discoid space; 6 cm in diameter, 1.5 cm in depth). Measurement was immediately started using 300-MHz ESR spectroscopy (JEOL, Tokyo, Japan) under the following conditions: radiowave frequency, 300 MHz; radiowave power, 2.5 mW; field modulation width, 0.1 mT; field modulation frequency, 100 kHz; scan rate, 0.083 mTs À1 ; scan width, 1.0 mT; time constant, 0.1 s; and accumulation number, 5.
Signal intensity, defined as the height of the center line of a spectrum (Figure 1a) , was obtained using an averaged spectrum that was processed with consecutively accumulated 5 spectra within a 60-s interval. The measurements were collected for 5 min. The natural logarithmic values of the data were plotted as a function of time, and the signal decay rate was determined by the negative slope of the linear regression of the plots, which had good linearity ( Figure 1b) .
Effect of antioxidants on in vivo ESR signal decay rate
Experiments of the in vivo ESR spectroscopy were conducted with pharmacological interventions; pretreatment with apocynin 31 (Sigma, 5 mg kg À1 , intravenous) 20 mins before in vivo ESR spectroscopy, the use of MC-PROXYL (0.33 mmol per kg body weight) spin probe solution that contained dimethylthiourea 32 (Sigma, 1.0 mmol per kg body weight), or combination of these two interventions. Pretreatment with allopurinol 33 (Sigma, 100 mg kg À1 , intraperitoneal) was also performed 30 min before in vivo ESR spectroscopy.
Chronic intracerebroventricular infusion of RNH-6270
Under sodium pentobarbital anesthesia (50 mg kg À1 , intraperitoneal), the rat's head was fixed in a stereotaxic frame. A 28-gauge stainless steel cannula (Alzet, DURECT Corp., Cupertino, CA, USA) was chronically implanted in the left lateral cerebral ventricle (coordinates with respect to bregma: 34 0.6 mm posterior, 1.5 mm lateral and 4.0 mm ventral from the skull surface) and fixed to the skull with acrylic cement. The placement was verified by post-mortem injection Figure 1 The in vivo electron spin resonance (ESR) method. (a) The ESR spectrum in the head of an anesthetized rat after intravenous injection of methoxycarbonyl (MC)-PROXYL into the tail vein showed a characteristic triplet set of peaks; the pattern was unchanged during measurement, whereas signal intensity, defined as the top-to-bottom height of the center peak of the triplet, decreased with time. (b) The natural logarithmic values of 60-s averages of signal intensity were consecutively plotted as a function of time for 5 min; the signal decay rate was defined as the negative slope (ÀD) of the linear regression of these plots, which had good linearity. The signal decay rate in stroke-prone spontaneously hypertensive rats (SHRSP) was increased compared with that in age-matched Wistar-Kyoto (WKY) rats; the difference was small, but statistically significant. **Po0.01, n¼6 for each. (c) The effect of antioxidants on in vivo ESR signal decay rate. Increased signal decay rate in SHRSP (control) was decreased by pretreatment with apocynin (apocynin), or by coadministration of MC-PROXYL with dimethylthiourea (DMTU), to comparable levels of those of WKY. Pharmacological intervention in combination with apocynin and DMTU (Apo/DMTU) resulted in no further decrease from respective single treatment. Pretreatment with allopurinol did not affect the increased in vivo ESR signal decay rate in SHRSP (allopurinol). **Po0.01.
of methylene blue through the L-shaped cannula. Infusion of RNH-6270 at 100 mg day À1 (390-410 mg kg À1 day À1 ) or vehicle (artificial cerebrospinal fluid containing 0.8% NaHCO 3 ) was initiated with osmotic minipump (12 ml day À1 , model 2002, Alzet), which were implanted subcutaneously and connected to the intracerebroventricular (ICV) cannula.
Statistical analysis
All values are expressed as mean±s.e. A two-way analysis of variance with Bonferroni post hoc tests was used to compare the SBP and HR, urinary NE excretion, ESR signal decay rate, NADPH oxidase activity and western blot densitometry between groups. A paired t-test was performed to compare the urinary NE excretion and ESR signal decay rate between before and after treatment. Comparisons between any two mean values were carried out using a two-tailed unpaired t-test with Welch's correction. Differences were considered to be statistically significant when P value was o0.05.
RESULTS
Effect of treatments on SBP, HR and urinary NE levels
Olmesartan significantly decreased SBP to as low as that induced by Hyd/HCT (Figure 2 ). HR was sporadically higher during treatment in the Hyd/HCT group compared with the olmesartan and untreated groups ( Figure 2 ). Urinary NE excretion was significantly increased only in the Hyd/HCT group (Figure 3a) , consistent with the HR increase during treatment.
Effect of olmesartan on oxidative stress in brain as measured by the in vivo ESR method We successfully obtained the in vivo ESR signal decay rate in the head of rats using a blood-brain barrier-permeable spin probe (Figure 1a) . The signal decay rate in the brain of SHRSP was increased compared with age-matched normotensive WKY controls (0.121±0.004 vs.
0.098 ± 0.005 arbitrary unit (a.u.), Po0.01; Figure 1b) . The increased signal decay rate in SHRSP (Figure 1c ) was attenuated to a comparable level to that of WKY by pretreatment with apocynin (0.104±0.002 vs. 0.097 ± 0.004, a.u., SHRSP vs. WKY, not significant), or coadministration of the spin probe with a potent hydroxyl radical scavenger dimethylthiourea (0.104±0.003 vs. 0.095±0.003, a.u., SHRSP vs. WKY, not significant). Pharmacological interventions in combination with pretreatment with apocynin and coadministration of dimethylthiourea with the spin probe did not result in further decrease in the in vivo ESR signal decay rate (0.103±0.003 vs. 0.095±0.003, a.u., SHRSP vs. WKY, not significant). Pretreatment with allopurinol, xanthine oxidase inhibitor, did not attenuated the increased signal decay rate in SHRSP brain (0.118±0.004 vs. 0.098±0.004, a.u., SHRSP vs. WKY, Po0.01). Figure 3b shows the changes in the in vivo ESR signal decay rate after the treatments in SHRSP, indicating a significant decrease by the treatment with olmesartan (0.102±0.004 vs. 0.121 ± 0.003, a.u., after vs. before treatment, Po0.05), but not Figure 2 The effect of olmesartan on systolic blood pressure (SBP) and heart rate (HR). Time course of SBP and HR in the groups during the study period. # Po0.001 vs. SBP of the no-treatment group for both the olmesartan and hydralazine (Hyd)/hydrochlorothiazide (HCT) groups; *Po0.05 vs. HR of the no-treatment group for the Hyd/HCT group. The effect of olmesartan on the in vivo electron spin resonance (ESR) signal decay rates. In vivo ESR signal decay rates were measured on the days before and after treatment in each rat. The signal decay rate was significantly decreased after treatment with olmesartan, whereas it was unchanged after treatment with Hyd/HCT or no-treatment. *Po0.05.
with Hyd/HCT (0.117 ± 0.003 vs. 0.120 ± 0.004, a.u., after vs. before treatment, not significant).
Effect of olmesartan on NADPH oxidase activity in the brain
We then examined whether olmesartan decreased NADPH oxidase activity in the brains of SHRSP, which was thought to be a major source of ROS for oxidative stress (Figure 4) . NADPH-dependent superoxide production in the membrane fractions of the cerebral cortex, hypothalamus and medulla oblongata were significantly increased in SHRSP compared with those in WKY (cerebral cortex, 7.04 ± 1.12 vs. 2.09 ± 0.37; cerebellum, 1.29 ± 0.25 vs. 0.46 ± 0.10; hypothalamus, 5.67 ± 1.11 vs. 1.99 ± 0.48; medulla, 9.68 ± 1.23 vs. 6.31±0.45; RLU min À1 per mg protein, untreated SHRSP vs. WKY, n¼5, Po0.05 except the cerebellum). Olmesartan treatment significantly attenuated the increase to a level as low as that in WKY (cerebral cortex, 3.00±0.73; cerebellum, 0.56±0.16; hypothalamus, 1.84±0.33; medulla, 5.26±0.85; RLU min À1 per mg protein, n¼5). Although there was a similar trend of increased superoxide production in the cerebellum of untreated SHRSP, the increase was not significant, which may have been due to the low levels of superoxide in the cerebellum such that the relatively large amount of variance prevented the effect from reaching statistical significance.
Central effect of RNH-6270 on cardiovascular responses and oxidative stress in the brain
To test whether olmesartan acts on the brain to reduce sympathetic activity and blood pressure in SHRSP, chronic ICV infusion of the active form of olmesartan, RNH-6270, was carried out. ICV RNH-6270 significantly reduced SBP and HR, and urinary NE excretion levels ( Figure 5 ) compared with those values in ICVvehicle-treated SHRSP. The in vivo ESR signal decay rate was significantly decreased after chronic treatments with ICV-RNH-6270, but not ICV-vehicle ( Figure 5 ).
DISCUSSION
In this study, oral treatment with olmesartan, an AT1-receptor blocker, in SHRSP for 1 month reduced the increased oxidative stress in the brain assessed by an in vivo ESR method using the blood-brain barrier-permeable nitroxyl compound, MC-PROXYL, as the spin probe. Unlike treatment with Hyd and HCT, oral treatment with olmesartan did not elicit a baroreflex-mediated increase in HR and sympathetic nervous system activity. ICV treatment with an active form of olmesartan reduced oxidative stress in the brain in association with decreases in SBP, HR and urinary NE excretion. These results suggest that oral treatment with olmesartan has an anti-oxidative effect on the brain in SHRSP.
The in vivo ESR spectroscopy technique we used to assess oxidative stress in the brain has advantages over other methods of assessing oxidative stress, such as measuring thiobarbituric acid-reactive substances, 8-isoprostane, and so on, because ESR spectroscopy is more direct. 35 Stable nitroxyl radicals such as PROXYLs are widely used as spin probes to evaluate the generation of ROS in vivo. 36 The signal decay rates of the nitroxyl radical are enhanced by ROS during oxidative stress. 30 MC-PROXYL has good blood-brain barrier permeability and more specific distribution in the brain compared with other nitroxyl radicals. 27, 28, 36 Thus, the use of MC-PROXYL as the spin probe allowed us to assess oxidative stress in the brain in vivo. A previous study using a similar technique showed that oxidative stress in the brain is enhanced in SHR or SHRSP. 37 We confirmed the BBB permeability of MC-PROXYL with ESR in the brains of WKY and SHRSP (data not shown). In this study, we show that the in vivo ESR method is useful for noninvasive evaluation of the effect of antihypertensive drugs on the brain oxidative stress in a hypertensive rat model.
Unlike Hyd and HCT, olmesartan did not elicit a baroreflex-mediated increase in HR and sympathetic nervous system activity, despite similar reductions in blood pressure. We selected the dose of 10 mg kg À1 day À1 of olmesartan because this dose is commonly used to reduce blood pressure in hypertensive animal models. 38 Consistent with our observations, oral administration of olmesartan (10 mg kg À1 day À1 ) also does not increase HR in SHR. 38 We did not explore the precise mechanisms by which olmesartan prevents baroreflex-mediated tachycardia and sympathoexcitation. It is possible, however, that olmesartan affects the brain, thereby inhibiting the sympathetic nervous system, at least in part, by reducing oxidative stress in the autonomic nuclei, such as the paraventricular nucleus of the hypothalamus, nucleus tractus solitarus 39 and RVLM. 3, 5, 13, 16 We previously showed that increased oxidative stress in the RVLM is involved in the neural mechanisms of hypertension in SHRSP. 13 Angiotensin II (Ang II) binds AT1 receptors, then activates the NAD(P)H oxidase/Rac1 pathway, producing superoxide in the brain. 12, 16 Chronic oral administration of olmesartan nearly abolishes the pressor response evoked by microinjection of Ang II into the RVLM of SHR. 40 Supporting our findings, chronic oral treatment with another AT1-receptor blocker, candesartan, attenuates the pressor response induced by microinjection of Ang II into the RVLM. 41 We measured superoxide production in several brain tissues of olmesartan-treated, non-treated SHRSP and WKY, and the findings supported our measurements by in vivo ESR spectroscopy.
Activation of the brain angiotensin system contributes to the neural mechanisms of hypertension. [1] [2] [3] Circulating Ang II acts on the brain through the circumventricular organ, which lacks a bloodbrain barrier. [1] [2] [3] In addition, a renin-angiotensin system also exists Figure 4 The effect of olmesartan on nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity in the brain. NADPH oxidase activity was estimated using lucigenin-enhanced chemiluminescence in membrane fractions from the cerebral cortex, cerebellum, hypothalamus and medulla oblongata. NADPH-dependent superoxide production was significantly increased in the brain tissues of stroke-prone spontaneously hypertensive rats (SHRSP) compared with Wistar-Kyoto (WKY) rats in all regions examined, except for the cerebellum, in which superoxide production levels were very low in this assay. The increases were significantly attenuated by treatment with olmesartan. **Po0.01 vs. WKY; ww Po0.01 vs. untreated SHRSP.
inside the blood-brain barrier. [1] [2] [3] 8 All components of the reninangiotensin system are present in the brain, such as renin, angiotensinogen, angiotensin-converting enzyme, Ang II and AT1 and angiotensin type 2 (AT2) receptors. [1] [2] [3] 8 Importantly, AT1 receptors are richly distributed in the paraventricular nucleus of the hypothalamus, SON, nucleus tractus solitarus and RVLM, which are involved in autonomic cardiovascular regulation. 1-3 AT2 receptors are also distributed in other areas of the brain, such as the inferior olive. 5 Therefore, we consider that AT1 receptors in specific nuclei are an important target for the effects of olmesartan.
Olmesartan is a powerful AT1-receptor blocker. 19, 20 Our findings support the idea that olmesartan acts within the brain directly or indirectly and reduces oxidative stress in a hypertensive model. Consistent with our findings, chronic administration of olmesartan attenuates the exaggerated pressor response to L-glutamate in the RVLM of SHR. 40 In addition, in that study, it is shown that the pressor response induced by microinjection of Ang II into the RVLM is diminished in SHR treated with olmesartan. 40 AT1 receptors are highly expressed in the RVLM 17 and microinjection of Ang II into the RVLM increases arterial blood pressure through activation of the sympathetic nervous system. 42 Thus, this finding indicates that orally administered olmesartan inhibits the AT1 receptors within the brain. One might argue that the blood-brain barrier prevents systemically administered olmesartan from acting on the brain. Several reports, however, showed that AT1-receptor blockers act within the brain, as well as in the peripheral vasculature. [5] [6] [7] [8] [9] [10] 43, 44 Different AT1 blockers may thus act centrally or peripherally and block different AT1 receptors. 8, 44 Lipophilicity and pharmacokinetics are important factors for determining blood-brain barrier permeability. [8] [9] [10] Although olmesartan has a lipophilic property, its active form RNH-6270 has a hydrophilic property and a strong AT1 receptor binding capacity. 20, 22 Approximately 1-2 ng ml À1 of olmesartan was detected in the cerebrospinal fluid in both WKY and SHRSP (data not shown). It is not clear whether this small amount of concentration of olmesartan acted directly on the brain in vivo. Other mechanisms, such as active transport of the drugs through the blood-brain barrier, should be considered, 9 however, because the hydrophilic AT1-receptor blocker, candesartan, also acts within the brain. 6, 9 In addition, blood-brain barrier disruption might occur in SHRSP, 45, 46 thereby affecting the effect of olmesartan on the brain. ICV administration of RNH-6270, an active form of olmesartan, reduced SBP, HR and urinary NE excretion in association with the reduced oxidative stress in the brain of SHRSP as assessed by the in vivo ESR technique, suggesting that olmesartan has a direct sympatho-inhibitory and antioxidant action on the brain. There is a possible mechanism that orally treated olmesartan acted on the AT1 receptors of the circumventricular organ and area postrema that lacks blood-brain barrier, thereby inhibiting AT1 receptors within the brain through neural pathway. 5, 44 This indirect action of olmesartan could also attenuate oxidative stress in the brain.
Oxidative stress in the brain, particularly in hypertensive patients, is considered to be an important therapeutic target, as well as in other organs. 47 For example, an AT1-receptor blocker, candesartan, improves cognitive function in hypertensive patients. 48 In addition, olmesartan improves cognitive function in mice fed a high-salt and cholesterol diet. 49 Furthermore, brain oxidative stress contributes to the neural mechanisms of hypertension. Antihypertensive drugs or statins reduce oxidative stress in the brain. [50] [51] [52] Although evaluating oxidative stress in the brain in vivo is difficult, particularly in the specific nuclei, this in vivo ESR technique with high-resolution imaging 53 is promising for future studies.
In conclusion, our results suggest that chronic oral treatment with olmesartan, a powerful and relatively new type of AT1-receptor blocker, has an anti-oxidative effect on the brain in SHRSP assessed by the in vivo ESR method and does not cause reflex-mediated sympathetic activation despite strong blood pressure reduction. Future experiments evaluating the oxidative stress in specific nuclei will be required for determining the role of autonomic nuclei in the reduction of oxidative stress treated with olmesartan.
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